Water pipeline distribution system mitigation measures are being evaluated: pipeline replacement, automated pipeline control systems, and planned manual valve actuation response. Seattle Public Utility's distribution system is being used as model for this evaluation. The most vulnerable part of the distribution system is located in the highly liquefiable Duwamish River Valley.
Introduction
This paper presents a project to develop an estimate of the damage from a future earthquakes and develop a cost effective mitigation strategy to minimize service disruption.. The project focuses on performance of the water distribution pipeline system in Seattle, Washington.
One of the most significant issues following an earthquake is fire. Fires can be ignited by electrical shorts and fueled by natural gas leaks. It is a critical time for water to be available for fire suppression. Water systems have performed poorly in past earthquakes. In the 1989 Loma Prieta, 1994 Northridge and 1995 Kobe earthquakes, pipeline failures have been the primary reason for loss of water system pressure.
Regionally there were approximately 40 pipelines failures resulting from the 2001 magnitude 6.8 Nisqually Earthquake, about half of which of which occurred in the Seattle water system. In this "moderate" earthquake, loss of service was limited to about 40 customers. Similar damage occurred in Seattle region earthquakes in 1949 and 1965. Hazard and pipeline damage data from these three events was collected.
In larger events such as the 1995 Kobe Earthquake, and the 1994 Northridge Earthquake where there were in excess of 1,000 failures each, the systems drained and could not provide adequate water for fire suppression. In the 1994 Northridge Earthquake, approximately two-thirds of the San Fernando Valley water system drained. In 1995 Kobe Earthquake, the entire system serving the urban area drained within six hours. Post-earthquake performance and pipeline damage was gathered obtained for these events to augment information from the Seattle earthquakes.
Methods have been developed and applied estimating expected damage from selected earthquakes, such as to the Seattle water system (Ballantyne et al, 1991) . These methods are dependent on an accurate mapping representation of geologic hazards. In the Seattle case, it appears that there may be subtle features that may have resulted in pipeline damage that are not evident in geologic hazard mapping. Even if we have an understanding of the expected level of pipeline damage, mitigation can be expensive. One mitigation approach is to replace all cast iron pipe buried in soils susceptible to liquefaction, with restrained joint ductile iron. However, such an approach is prohibitively expensive.
Isolation of heavily damaged pipeline, alternate system control strategies, and development of emergency plans for pipeline repair offer a promising ways to mitigate damage at more reasonable costs than pipeline replacement. There are many issues that still need to be resolved such as isolation and control strategy development, including inadvertently isolating an area from needed fire-suppression water, and selection of appropriate hardware.
Seismicity and Ground Motions
The Seattle region is vulnerable to earthquake from three different source zones (see Figure 1) A Benioff Interplate Zone extends from the Northern California coast to the Southern British Columbia coast. These Cascadia interplate subduction earthquakes may exceed Magnitude 9.0. However, because the epicenter would be located further away from the Puget Sound than intraplate events, peak firm soil ground accelerations are not expected to exceed 0.3g in the Puget Sound region. However, strong ground motion from these events may last more than two minutes and will likely trigger extensive liquefaction. The last Cascadia Subduction event occurred in 1700, and has an average recurrence of 500 to 600 years.
There are also a series of active shallow faults in the Puget Sound region. The Seattle Fault runs east-west through Seattle and passes within a kilometer of the southern edge of downtown Seattle. A Seattle Fault event, potentially of Magnitude 6.5 or 7.0, is thought to have occurred about 1,100 years ago with a recurrence interval as short as 700 years. A "moderate" Seattle Fault event is expected to produce PGA's on the order of two-thirds times gravity on firm soils.
Project Approach
The following steps were used to develop the mitigation strategies: 2. Document and map the pipeline damage that occurred during these earthquakes.
3. Compare the peak ground velocity and permanent ground displacement maps with the pipeline damage maps to verify pipeline vulnerability assumptions.
4. Modify pipeline vulnerability models, as necessary to reflect the findings in Step 3.
5. Prepare GIS-Based maps that predict peak ground velocity and permanent ground displacement for design-level ground motions (in this case, 10% probability of exceedance in 50 years).
6. Estimate the number and location of pipe breaks from the design-level earthquake.
7. Use hydraulic models to evaluate the system effect of the pipeline damage.
8. Identify mitigation measures to reduce damage effects on system operation.
Peak Ground Velocity and Permanent Ground Displacement Hazards
Ground motion mapping from the 1949 and 1965 events is limited. We used Modified Mercalli Index (MMI) data to estimate ground motions for pipeline damage in those events. In the 2001 Nisqually Earthquake, better PGA mapping was available due to the much higher density of ground motion instruments. However, Peak Ground Velocity (PGV) mapping was still too course to be of much value. PGV is the preferred ground motion intensity parameter used to evaluate pipeline damage due to wave propagation.
Liquefaction and associated lateral spreading and landslides are both considered to be forms of permanent ground deformation (PGD). PGD results in significantly higher pipeline unit failure rates than wave propagation, so it becomes an important parameter when evaluating pipeline damage.
Detailed liquefaction potential maps were developed by Shannon & Wilson, under subcontract to the U.S. Geological Survey for the City of Seattle, which have subsequently been published by the USGS (Grant, et al., 1998) . The maps are based on an extensive subsurface boring database and more quantified liquefaction analysis of the data in the database. The hazard mapping and studies identify a large portion of south Seattle (the Duwamish River Valley) as underlain by extensive deposits of sandy Holocene alluvium and hydraulically placed fill that have a high susceptibility to liquefaction (see Figure 1 ).
Reports of ground-deformation related damages to pipelines are known for the 1949 and 1965 events (Chleborad and Schuster, 1998 
Historic Pipeline Damage
Pipeline damage for the three earthquakes was gathered for analysis (refer to Figure  1 ). As expected, many of the pipeline failures occurred in liquefaction zones along the Duwamish River. However, there were clusters of failures in other areas where soils are not liquefiable. Refer to locations A, B, and C on Figure 1 . It is known that the topography and geology of the Seattle Basin amplify ground motions in some of the hilly areas with firm soils adjacent to liquefiable lowlands. iAt this time it is unclear whether these clusters of failures occurred due to an area of one type of particularly vulnerable pipe, ground motion amplifications, a result of unidentified/unmapped geotechnically vulnerable deposits or a combination of these factors..
Pipeline Seismic Vulnerability Model Development
Although mechanical pipeline and soil models may be practical for site-specific studies, it is not practical to use theoretical analysis techniques to assess the seismic vulnerability of large pipeline networks. Researchers have developed relationships between pipeline damage and various seismic and geotechnical parameters using empirical data. The most commonly used are relationships between shaking intensity (PGA or PGV) and failures per unit length, and permanent ground deformation (PGD) and failures per unit length. Eguchi developed damage relationships for shaking in the early 1980's. Relationships for PGD were developed for application to the San Francisco water system after the Loma Prieta earthquake (Harding and Lawson, 1991) . These relationships are sometimes used in GIS-based computer models that are used to estimate the post-earthquake damage state of water system following an earthquake.
The accuracy of these models are all limited by relatively small data sets, accuracy of the data, data interpretation by the researchers, and the inherent variability of pipeline condition and construction quality. Perhaps the best empirical data and pipe damage databases, are from the Northridge Earthquake and the Kobe Earthquake (T. O'Rourke, et al, 1996; Shirozu, et al, 1996; Takada, et al, 1996) . This data, and the damage relationships developed from this data were used to augment the information form the three Seattle events. 
Peak Ground Velocity and Permanent Ground Displacement Maps
Zipper-Zeman Associates prepared ground hazard maps for 10% probability of exceedance in 50 year ground motions. These maps were developed from supplementing USGS geologic hazard maps with soil boring data and from USGS ground shaking intensity maps. Peak ground velocity was computed by propagating the bedrock ground motions up through the soil column. Liquefaction-induced ground deformation was computed using the models developed by Bardet (Regional Modeling of Liquefaction-Induced Ground Deformation, Jean-Pierre Bardet, et al, Earthquake Spectra, February, 2002) .
Estimate Operational State in Hours Following Event
Immediate post earthquake functionality of the water system is important to provide water for fire suppression. The operational state was modeled using a hydraulic network analytical tool, EPANET. The model results were supplemented with performance of water pipeline networks in previous earthquakes.
The most relevant information was provided by representatives of the Los Angeles Department of Water and Power and the Kobe Water Department for the 1994 Northridge and 1995 Kobe earthquakes, respectively. They provided inside into the failures that limited system functionality, and the potential for use of the strategies considered in this project.
For example, in the Northridge Earthquake about 2/3 of the San Fernando Valley (West Valley) was without water in the hours following the earthquake. This was not due to distribution pipe failures, but to transmission line failures primarily in and just downstream of the Van Norman Complex. Every pumped transmission line leaving the Complex had damage. The was compounded because the Los Angeles Aqueduct also went down. The trunk lines leaked but stayed in service. The result was problems with the pumped zones on the southern edge of the Valley, the opposite side from the source/treatment plant. Isolation of "damaged" sections of pipe would not have helped. Further, leaking water is critical for locating leaks. If the damaged lines are isolated (shut down), it would be nearly impossible to locate the leaks (interview with Marty Adams, LADWP).
One strategy that worked in Kobe was to place seismic-actuated shutoff valves on storage tanks that operated in pairs. The strategy was to allow water for fire-fighting also save some water for post-earthquake use in the event of extensive pipeline failures. Although unvalved reservoirs did drain quickly after the earthquake, water in approximately 30 valved reservoirs was saved and used as a drinking water supply after the earthquake.
Mitigation Strategy
The relative effectiveness of pipeline upgrade, isolation and control strategies, and emergency response to reduce the effect of pipeline failures on water system functionality is being examined. We are developing plans for: 1) pipeline replacement, 2) control valve implementation, and 3) emergency response. Specific hardware and strategies are being identified for typical water system configurations, and ranges of costs for the three alternatives provided.
The pipeline replacement program would propose replacement for all vulnerable pipe (e.g. -all cast iron pipe in liquefiable areas or at least increasing the replacement priority), and as an alternative, replacement of all backbone pipe in the same areas. Additional appurtenances may also be required if only the backbone was upgraded. Pipe replacement would minimize the recovery time.
Another potential option may be to use more seismic-resistant pipe for new and replaced lines. This option could range from always using already available restrained joint ductile iron pipe to exploring the feasibility of importing the Japanese S-Joint which has performed extraordinarily well in earthquakes. The S-Joint permits both rotation and axial movement beyond the normal construction tolerances (see Figure 2) . Control valve implementation could include of a system to isolate vulnerable areas of the distribution system to keep the system from draining. The control valve system may be significantly less expensive to implement and would provide for water for fire suppression, but would still require a significant recovery period. The emergency response plan would require no capital improvements (stockpiling of spare parts and flexible hose that could be used to temporarily span broken mains is an option), and rely on manual operation of valves following the earthquake. Such a system may be too slow to effectively maintain system operation. The control valve system alternative would address immediate post-earthquake system operation, but would not help in reducing the overall system recovery time.
The envisioned control valve system could make use of pressure reducing valves (PRVs) that feed water into the pressure zone. PRVs could be operated by installing a solenoid valve on the control loop. The decision to close could be based on an Maximum axial movement is 45 to 75 mm depending on diameter.
Lock Ring Rubber Gasket earthquake ground motion threshold (e.g. -20% g), excess flow, rate of change of flow, etc. Each control valve could close automatically or could require interaction by an operator.
Summary
This paper discusses an ongoing Seattle Public Utilities project that is evaluating alternative methods for mitigation of earthquake damage to the pipeline distribution system. Empirical data from three historic earthquakes are used as input for the analysis. Mitigation alternatives include wholesale replacement of the pipe and/or incorporating seismic factors in pipeline replacement prioritization, automated system control to allow quick isolation of damaged areas in the system, use of more earthquake-resistant pipe joints such as the Japanese S-Joint, or application of an emergency plan where response staff would evaluate and isolate damaged system components as appropriate. The project is scheduled for completion by the end of July, 2003 
